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1 Introduction 

1.1  Purpose of this report 

Competitive organic solar cells are not only required to be efficient, they also need to show 
decent lifetimes. In this contest, the aim of WP4 is to characterize the stability of organic 
solar cells, to identify and narrow down the source of failure in OPVs, and to develop 
methods for estimating their lifetime (e.g., see D4.2). Several advanced techniques have 
been employed to investigate and provide information on the sources of degradation of OPV 
cells. In addition, Fluxim in collaboration with Belectric and CSEM, respectively, have already 
used their all-in-one electrical characterization platform PAIOS and the simulation software 
SETFOS to determine degradation induced doping as well as stress-induced reduction of 
effective area of P3HT:PC61BM based solar cells. 

This report is mainly focused on the evaluation of the morphological changes of different 
polymer solar cells, after ageing process, by specific techniques: Laser Scanning Confocal 
Microscopy (LSCM) combined with Atomic Force Microscopy (AFM). Accelerated lifetime 
testing of OPV devices have been performed following different standard protocols. Firstly, 
the response of the resulting devices was characterized via current-voltage characteristics; 
secondly, the above mentioned advanced techniques have been used to demonstrate a 
correlation between degradation of device performance and physical changes in the device. 
In particular, we investigated the stability of the morphology, identifying specific 
properties/features in different regions of the active blend before and after degradation. In 
addition, this methodology has been applied on different devices based on different 
photoactive polymers in order to demonstrate the versatility and potential of the LSCM 
technique, independently from the materials and their degradation rate (related to the 
selected conditions).  

 

1.2  Description of the deliverable 

The failure mechanisms of artificially aged OPV devices are characterized (based on tests 
defined in D4.2). The key targets of the deliverable are: 

 Effect of the ageing process on the morphology of the active layer and correlation 
with the corresponding OPV responses 

 Role of the device architecture  

 Identification of the main limiting factors for the device stability. Input given to 
WP2/WP1. 

 To provide information/recommendations to reduce/control the failure locations 
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2 Methodology 

2.1  LSCM and basic concepts 

In organic BHJ solar cells, the correlation between the sub-micrometric morphology and 
device operation is of fundamental importance due to the intrinsic characteristics of a BHJ. 
Here, the optimal morphology should result in a fine intermix of the electron donor (D) and 
acceptor (A) domains, with sizes that meet the compromise between the D and A exciton 
diffusion lengths and a high D/A interfacial area, together with the need of bicontinuous 
percolation pathways for charges transport at the electrodes. The understanding of the 
correlation morphology/device operation could help to design the chemical structure of the 
active materials, or to modify the active layer processing (solvents, additives, temperature, 
deposition technique), in sight of obtaining the device optimal efficiency. Moreover, the 
evolution of the sub-micrometric morphology during the ageing of the cells could help to 
better understand the processes leading to the loss of the photovoltaic performances of the 
cells with degradation.   
To date, spatially resolved photocurrent mapping1, X-ray microscopy2, conductive atomic 
force microscopy (cAFM)3, electrostatic force microscopy (EFM)4, combined photocurrent 
and fluorescence imaging5, and combined photocurrent and Raman spectroscopy6 have 
been employed to study the interplay between morphology and device operation in solar 
cells. Nevertheless, within all these techniques, confocal fluorescence microscopy7 presents 
several advantages: i) it allows to study the morphology of the active layer in the bulk (it is 
not a superficial technique such as AFM, TEM, SEM, etc..) in the real device, under 
operating conditions; ii) it allows a resolution down to hundreds of nanometers; iii) it is a non-
invasive technique, therefore it can be performed on functioning devices without damage8; iv) 
it is a fast and relatively simple technique.  

 

Figure 1. Schematic representation of a confocal fluorescence microscope. 
 
In the confocal approach, comparing to conventional optical microscopy, spatial filtering is 
used to eliminate out-of-focus light or flare in specimens that are thicker than the plane of 
focus. A pinhole is placed in front of the excitation source as a point source of light. Light is 
reflected through a dicroic mirror towards an objective lens which focuses it onto the 
specimen. In confocal fluorescence microscopy (Figure 1), the signal detected is the 
emission of the excited specimen, acquired at the same focus as excitation (confocal). The 
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light emitted by the specimen (fluorescence) passes through the same objective lens, is 
transmitted by the dicroic mirror and passes through the second pinhole having the same 
focus as the first pinhole. Any light that passes the second pinhole is collected by a low-noise 
photomultiplier, which generates a signal related to the fluorescence intensity of the 
specimen. In laser scanning confocal fluorescence microscopy, a laser is used as excitation 
source. Moreover, to build a two-dimensional map of the photoluminescence of a specimen, 
the focused spot of light is moved in the x-y plane across the specimen (laser scanning). The 
final resolution achieved by the instrument is governed by the wavelength of light, the 
objective lenses, and the properties of the specimen itself.  
The described laser scanning confocal fluorescence microscopy is used to study the thermal 
degradation in inert atmosphere of optimized solar cells. In particular, the scope is to 
correlate the morphological changes of the active layer with the change of the photovoltaic 
performances of the device occurring with thermal degradation. The devices are illuminated 
through the glass/ITO side under the metal electrode, and the photoluminescence signal is 
collected in reflection mode, as illustrated in Figure 2.  
 

 
Figure 2. Collection of the signal 

(reflection mode) in a complete OPV 
device. 

 
 
With the 405 or 488 nm laser 
excitation, light is absorbed by 
the donor polymer in the active 
layer. Even though most part of 
the polymer emission in the 
BHJ is quenched by the 
electron transfer process to the 
fullerene acceptor, it is still 

possible to distinguish the morphological features of the active layer by collecting the residual 
photoluminescence from the polymer first excited singlet state (S1). In some cases, it could 
be possible to detect, instead, the photoluminescence of the charge transfer state (CT), if this 
is an emissive state. The solar cells are studied at different degradation stages (at time 0, 
after 75, 150 or 240 h) and their fluorescence maps are compared and combined with AFM 
images. 
For a more detailed analysis on the physical nature of the emissive species forming the 
photoluminescence map, the emission spectra at different points of the map can be 
registered (Figure 9). In this way it could be possible to distinguish, through their different 
spectral features, domains of pure polymer or pure fullerene formed by segregation from the 
blend during thermal degradation. In the same way, it could be possible to distinguish areas 
where the blend itself deteriorates.  For the localized spectral analysis, the scanning head is 
fixed at a certain (x,y) position on the specimen (on the map) and the photoluminescence 
signal coming from the confocal microscope optics is transmitted, through an optical fiber 
and a couple of focusing achromatic lenses, to an optical multichannel analyzer (instead of 
the low-noise photomultiplier). 
In addition, we recently tested the possibility to perform electroluminescence microscopy with 
the same apparatus as the confocal fluorescence microscope. The principle of 
electroluminescence imaging is based on inverting the operation mode of solar cells by 
injection of charge carriers under application of a forward bias using a current or voltage 
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source. Although being not optimized for light emission, part of the recombination of injected 
charge carriers will be radiative, resulting in the detection of photons emitted from the 
photoactive semiconductor. The same physical processes that influence the photovoltaic 
performance, such as recombination, resistive and optical losses, are also involved in the 
electroluminescence emission properties. 
One advantage of combining the two luminescence imaging techniques is the discriminative 
characterization depending on the excitation mechanism. Fluorescence reflects the 
properties of the active blend alone. In contrast, electroluminescence, based on injection of 
charge carriers into the organic semiconductor from the two respective electrodes involved, 
gives information also on the conditions of the electrodes and on the electrode/organic layer 
interface. 
Finally, we also tested the possibility to register the localized photocurrent of the solar cell by 
measuring it in short circuit during the illumination with the focalized laser from the 
microscope. The correlation of the photocurrent map with the confocal fluorescence images 
would constitute an additional technique useful to correlate the morphology/performance of 
complete devices before and after degradation.  
The assembly of these two additional setups is in progress. 
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3 Device fabrication and ageing process 

 
In this section we describe the part of the work concerning the device fabrication, in terms of 
specific active/functional materials and architectures, and the ageing process.  
Degradation of “protected” (encapsulated or stored in inert atmosphere, glove-box) organic 
solar cells cannot be attributed to a single mechanism. The different processes leading to 
degradation in OPVs can be classified into three general categories. The first category is 
light-induced burn-in degradation. This degradation is characterized by an exponential drop 
of about 20% of the initial efficiency and most of it occurs in the first 200 hours. This is found 
to be caused by photo-induced traps and is independent of the electrodes and the amount of 
injected current. This can be mainly ascribed to: i) cross-linking and, ii) light-induced breaking 
of C–H bonds. The second category of degradation is long term degradation which is 
characterized by a slow, linear degradation, known as long-term degradation. A third 
category is thermal burn-in and is characterized by an exponential drop in efficiency that 
stabilizes over time. Thermal degradation appears to be related to the interfaces/interactions 
between different materials: organic/organic, organic/metal oxide, etc... In this work, following 
the procedures established in D4.2, we focus the attention on the thermal degradation and in 
particular on the control of the morphological evolution, by LSCM and AFM, of the BHJ blend 
during a continuous thermal annealing in inert atmosphere (inside the glove-box). The use of 
inert atmosphere allowed us to exclude the effect of environmental agents such as oxygen 
and water on the degradation mechanisms.  
To this end, two different photoactive polymers have been used to fabricate BHJ solar cells 
and locally investigate the morphological changes before and after thermal degradation.  

 

 
 
3.1  Materials and device architectures 

As above mentioned, it is now recognized that OPV cell stability correlates with interface 
material issues, morphological stability of the OPV blend and the photodegradation of 
organic materials. These aspects require careful investigation in order to obtain stable 
organic solar cells. Here, the morphological stability/changes of the BHJ blend is the subject 
of study. In particular, BHJ solar cells that embed fullerene derivatives should be intrinsically 
unstable due to spontaneous phase segregation tendency of fullerene domains, resulting in 
PCE losses because of reduced charge separation and increased exciton recombination. In 
this contest, the optimization of the polymer structure and the tuning of the intermolecular 
interactions in the solid state (polymer-polymer, fullerene-fullerene and polymer-fullerene) 
play a crucial role for the stabilization of the BHJ morphology and thus the resulting lifetime 
of the corresponding devices. 
To this aim, the effect of continuous thermal annealing on the BHJ morphology and power 
conversion efficiency of devices based on two different photoactive polymers has been 
studied. The polymers are coded as P1 and P2.  
In addition, two different device architectures, STANDARD and INVERTED (Figure 3A and 
3B, respectively), have been employed in order to evaluate how the electrodes nature and 
interfacial properties affect the thermal stability of the entire device. 
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Figure 3. Device structures: A) standard, B) inverted 

 
The cells contain the following layers from bottom to top: 

- STANDARD: glass / ITO / PEDOT:PSS(Al4083) / active layer / ZnO(MG91) / Al 

- INVERTED: glass / ITO / ZnO(MG91) / active layer / MoO3 / Ag 

 

3.2  Polymer 1 (P1): Thermal degradation and correlation between OPV 
performance and morphological changes 

3.2.1   Evolution of the photovoltaic parameters in standard and inverted structures of  
P1:PC61BM based OPV 
 
In this section, the effect of continuous thermal annealing at 85 °C (on hot-plate in glove-box) 
on the photovoltaic responses of different OPV devices, based on P1 and using different 
architectures, is studied. Note that, this mild temperature (from 65°C to 85°C) has been 
defined as a reference temperature for OPV cell stability evaluation.9 
Table 1 summarizes the photovoltaic responses of single layer BHJ cells based on 
P1:PC61BM in standard configuration as a function of the degradation time (at 25°C and 
85°C).  
 
- Thermal degradation of P1:PC61BM using single layer cells in STANDARD configuration. 
Glass / ITO / PEDOT:PSS(Al4083) / active layer / ZnO(MG91) / Al (Figure 4) 
 

Table 1. OPV performance vs time of P1:PC61BM based cells in standard configuration. 

Cell OPV data T = 0 h T = 70 h T = 160 h PCE (%) 

Reference: 
at 25°C  

in glove-box 

JSC (mA/cm2) 11.0 10.8 10.9  

VOC (V) 0.79 0.78 0.78  

FF (%) 64 66 65  

PCE (%) 5.6 5.5 5.5 - 3% 

Test: 
at 85°C  

in glove-box 

JSC (mA/cm2) 10.4 5.8 6.3  

VOC (V) 0.78 0.77 0.75  

FF (%) 65 55 54  

PCE (%) 5.3 2.5 2.6 - 51% 
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Figure 4. OPV curves of “fresh” and thermally degraded standard P1:PC61BM based cell 

 
Note that the performance of the reference system (stored at 25°C in glove-box) substantially 
does not change after 160 h ((PCE of ~ 3%), while the aged cell (heated at 85°C, always in 
glove-box) shows a drastic reduction of the PCE (PCE of ~ 50%). In particular after 70 h we 
already observed a significant reduction of the PCE which could be related to a sub-optimal 
re-organization of the BHJ components, induced by the temperature, that limit the charge 
generation and transport in the active layer. Indeed, due to the almost amorphous nature of 
the active blend it is possible a demixing of the BHJ components resulting in a detrimental re-
organization and/or phase segregation (in lateral and vertical device directions) that limit the 
electrical response of the blend, as confirmed by the simultaneous and drastic reduction of 
JSC and FF (Table 2). Increasing the degradation time, from 70 h to 160 h, the situation does 
not change significantly indeed except a slight reduction in VOC, JSC ,FF and PCE are almost 
maintained.  
Nevertheless, the observed reduction of the OPV performance can be not only related to the 
active layer, indeed the presence of additional functional layers (e.g. PEDOT:PSS) and 
subsequent “critical” interfaces, ITO/PEDOT:PSS, could also play a key role during the 
thermal degradation. To this end, the inverted architecture, where different and more stable 
interlayers are used, has been studied to exclude this possible interference.  
The corresponding OPV data, before and after thermal degradation, of analogous 
INVERTED BHJ solar cells are reported and discussed below.  
 
-  Thermal degradation of P1:PC61BM using single layer cells in INVERTED configuration. 
Glass / ITO / ZnO(MG91) / active layer / MoO3 / Ag (Figure 5) 
 

Table 2. OPV performance vs time of P1:PC61BM based cells in inverted configuration. 

Cell OPV data T = 0 h T = 50 h T = 150 h PCE (%) 

Reference: 
at 25°C  

in glove-box 

JSC (mA/cm2) 10.8 10.3 10.3  

VOC (V) 0.77 0.77 0.77  

FF (%) 68 68 68  

PCE (%) 5.7 5.4 5.4 -5% 

Test: 
at 85°C  

in glove-box 

JSC (mA/cm2) 11.7 10.9 10.5  

VOC (V) 0.77 0.78 0.78  

FF (%) 71 62 58  

PCE (%) 6.4 5.3 4.8 - 25% 
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Figure 5. OPV curves of “fresh” and thermally degraded inverted P1:PC61BM based cell 

 

To evaluate the influence of the device architecture on the thermal stability, we fabricated 
inverted solar cells using the same active and functional layers (P1:PC61BM and ZnO 
(MG91)) previously studied. The resulting OPV data are summarized in Table 2.  
To note, for inverted devices the thermal stability is relatively improved. In fact, after 150 h at 
85°C the PCE is reduced of ~ 25%, which is not enough to define stable the materials in 
accordance to D4.2 (the reduction has to be lower than 10%) but is still a significant 
improvement if compared to the analogous device with standard structure (see Table 1, 
Figure 4). This confirms a first key role in the ETL and HTL layers on the stability of the solar 
cell. The absence of PEDOT:PSS in particular could be responsible of the enhanced stability 
of the device, due to the suppression of the degradation processes known from literature.10 
In addition, it is known11 that the enhanced thermal stability of inverted cells, compared to 
standard devices, could be ascribed to a vertical phase segregation of the D:A blend12 (also 
observed in D2.3) induced by the temperature, resulting in a larger amount of polymer close 
to the hole-collecting top electrode, favoring the hole extraction from the active layer. 
After 150 h at 85°C, we mainly observe a slight reduction of the JSC and FF, and a modest 
increase of the voltage. However, looking at the shape of the corresponding J-V curves 
(Figure 5) it is evident (after 150 h at 85°C, red curve) an increase in the slope of the curve 
near the y-intercept after degradation. This is a common indication of a shunt current loss. 
The reduction of the shunt resistance can be related to an increase of charge recombination 
processes in the active layer as a result of a demixing of the BHJ components (increased 
D:A phase segregation). This degradation process, already hypothesized also for the devices 
in standard architecture, is supported by morphological investigations reported below.  
  
 

3.2.2  Morphological investigations by LSCM and AFM on P1:PC61BM films 

Here we present the results obtained by confocal fluorescence microscopy, combined with 
AFM imaging, to correlate the morphological, photophysical and photovoltaic properties of 
the active layer. In particular, complete inverted OPV cells (“fresh” and thermally 
degraded/aged) based on P1:PC61BM, were investigated to correlate the functional response 
with sub-micrometer properties of the active blend. It should be stressed once again that we 
selected the most stable architecture (inverted) in order to minimize the ageing effects due to 
the electrodes and organic/electrode interfaces, and identify the additional effects, critical 
points or failure mechanism of the active layer that still impact on the lifetime of the resulting 
OPV device.  
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Figure 6. Investigation by LSCM of different regions of a complete device (inverted architecture) 

 
Thank to the versatility of the LSCM technique, it is possible to investigate different regions of 
the devices, as depicted in Figure 6 (under and/or outside the top electrode, without 
damaging the device), in order to evaluate the effect of the interactions at the 
organic/electrode interface on the stabilization of the morphology and subsequently on the 
degradation processes involved, as discussed below. In fact the AFM technique, even 
though having a higher resolution if compared to LSCM, allows to study the surface features 
of the active layer surface only in the region outside the electrode. 

The evolution of the active layer morphology outside the electrode during the thermal 
degradation tests is reported in Figure 7. Note that the morphological investigations have 
been carried out directly on the working device (test device) reported in Table 2.  
Figures 7A-F show AFM images of P1:PC61BM based cells, having different size (5 m x 5 
m and 20 m x 20 m), while figures 7G-J exhibit LSCM images, based on two-dimensional 
(2D) map of the photoluminescence of the specimen (see section 2.1). The different features 
of the 2D maps acquired with LSCM are related to the physical nature of the emissive 
species (in the bulk) generating the photoluminescence map. For this reason it is possible to 
evaluate, within the instrumental resolution, the composition of the active blend at different 
stages of thermal ageing, by distinguishing different domains enriched of donor (D, polymer), 
acceptor (A, fullerene) and/or finely intermixed D:A phases.  
The “fresh” sample (T = 0 h, left column Figure 7, Figure A, D, G) exhibits an almost 
featureless active layer, with a fine self-organization of the BHJ components. Indeed, the 
AFM images reveal (Figures 7A and 7D) the absence of aggregates (very low surface 
roughness) and finely structured domains, which suggest an optimal intermixing and 
nanoscale phase separation of the BHJ components, reflected in PCE greater than 6% 
(Table 2). This kind of morphology is also evidenced by LSCM, (Figure 7G) where the 
absence of contrast features in the image (in perfect agreement with the AFM images) 
confirms the fine intermixing of the BHJ components and the absence of evident polymer- or 
fullerene-enriched domains.   
Diversely, after 50 h at 85°C (on hot-plate in glove-box) the AFM reveals the formation of 
some aggregates (Figure 7B and 7E). In agreement with the AFM images, the corresponding 
photoluminescence map (Figure 7H) shows similar features, with the formation of isolated 
aggregates with similar dimensions. In particular there can be distinguished highly emissive 
spots (polymer-rich domains, white dot) or poorly emissive spots (fullerene-rich domains, 
dark dot). This indicates that at this stage of thermal ageing the active blend starts to change 
with formation of demixing regions.  
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Figure 7. A-F) AFM and; G-J) LSCM images, OUTSIDE THE ELECTRODE, of P1:PC61BM based film during 
thermal degradation. 

 
 
After 150 h at 85°C the nanomorphology of P1:PC61BM film drastically changes, with 
generation of large rod-like aggregates with dimensions of several micrometers as evidenced 
by AFM (Figures 7C and 7F). More precisely, it is evident in LCSM images (Figure 7I and 7J) 
the formation in the blend of domains with different composition: i) a homogeneous part of 
the blend reflects the initial situation with well intermixed BHJ components, and ii) rod-like 
regions, or crystals, enriched of aggregated polymeric chains.  
After these findings and looking at the corresponding OPV results summarized in Table 2, it 
is “surprising” that, despite the observed drastic morphological changes occurring with 
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thermal ageing, the OPV performances of the cell are not so drastically reduced, as it could 
be expected. To this end, it is important to remind here that the morphological investigations 
reported in Figure 7 have been carried out in the region of the active layer outside the 
electrode (Figure 6). Even though we could suppose that the ageing processes of the active 
layer occurring outside the electrode area can be extended to the whole area, additional 
interactions can influence the morphological variations of the BHJ blend during ageing. 

As previously mentioned, one of the advantages of LSCM technique is to allow the 
investigation of specific regions of the device not accessible with conventional techniques. 
Indeed, we completed the study on the morphology evolution during the thermal degradation 
(same devices: inverted P1:PC61BM based BHJ cells) by investigating the region of the BHJ 
blend under the top electrode (without damaging the sample), which is directly the 
responsible of the photovoltaic process.   

 
 
Figure 8. LSCM images, UNDER THE ELECTRODE, of P1:PC61BM based films during thermal degradation. 
Black arrows indicate enriched-PC61BM domains; green arrow indicates enriched-polymer region.  

 
Figure 8 shows the evolution of the BHJ morphology, of P1:PC61BM based cells, under the 
top metal electrode. It is evident the difference with the images collected outside the 
electrode (Figure 7G-J), in which we observed a predominant re-organization of the active 
blend with a strong D:A phase segregation occurring after 150 h (formation of rod-like 
aggregates). Diversely, under the electrode (Figures 8A-C) the kinetic of the polymer chains 
rearrangement seems to be strongly limited by the presence of the back electrode. In fact in 
the image of the aged cell, the formation of rod-like aggregates is not observed. This 
confinement/constriction effect given by the top electrode is most probably due to the 
interactions at the organic/metal oxide/metal interfaces, which result stronger than the 
polymer interchain ones acting as driving force for the formation of rod-like aggregates.  
The dark spots observed in the LSCM images under the electrode (non-luminescent 
aggregates indicated by black arrows, Figure 8) can be ascribed to enriched-PC61BM 
domains, which increase in number passing from the “fresh” to the 50 hours aged device, 
and increase in size but decrease in number with prolonged thermal degradation (150 h). 
This suggests a partial segregation of the fullerene molecules from the blend, in agreement 
with several reports.13   
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The limited effect of thermal degradation on the active layer morphology observed under the 
electrode in the inverted devices correlates well with the trend of the corresponding OPV 
performance. Indeed, this only partial degradation combined with a preferential vertical 
segregation of the polymer (the PCE of analogous devices with standard architecture 
decrease of 50%, Table 1), afford a final PCE of 5%, with a resulting PCE of ~ 25% (Table 
2).  
For a deeper analysis on the partial demixing process (fullerene aggregation) occurring in the 
BHJ after thermal degradation, we report in Figure 9 the localized emission spectra 
performed on some representative luminescence 2D maps of P1:PC61BM based devices. In 
particular, the spectra of the “fresh” and the thermally aged (150h) devices under the 
electrode, registered in localized areas (selection of specific points) of the 2D map, in the 
polymer/fullerene intermixed region, are reported. Since the emission quantum yield of 
fullerene derivatives is usually much lower (<10−3) than the emission of highly conjugated 
polymers14, the PL spectra of the active layer has to be mainly ascribed to the polymer 
emission from its first excited singlet state (S1).  

 
Figure 9. Localized emission spectra on P1:PC61BM films during the degradation: A) “fresh” P1:PC61BM film 

(under the electrode); B) P1:PC61BM film after 150 h at 85°C (under the electrode); C) P1:PC61BM film after 150 h 
at 85°C (outside the electrode) 
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In particular, the polymer photoluminescence is quenched in proportion to the electron 
transfer process to the fullerene acceptor: a higher emission relates to less efficient charge 
generation (lower quenching), while a lower emission is correlated to a more efficient charge 
generation (higher quenching). Indeed, the emission profile (barely detectable) in the 
intermixed area of the “fresh” device exhibits a lower intensity (Figure 9A and red spectrum) 
comparing to the emission in the intermixed area of the “aged” (150 h) device (Figure 9B and 
green spectrum). This confirms that the region of finely intermixed D:A domains in the aged 
device is poorer in PC61BM and consequently the aggregates evidenced as black spots in 
the 2D map are PC61BM aggregates, formed after the partial segregation of fullerene from 
the BHJ blend.  
Note that the contrast (in Figure 9C) and the emission intensity (blue spectrum in Figure 9) of 
the polymer-enriched aggregates which form in the aged devices (150 h) outside the 
electrode is relatively low and comparable to the regions of the finely intermixed D:A 
domains. On the contrary, an enhancement of the intensity of the polymer emission should 
arise from the enhanced phase segregation and consequent decreased charge generation. 
Nevertheless, we should also take into account the self-quenching of the polymer 
photoluminescence occurring with the formation excimers in the ordered aggregates, which 
provide additional non-radiative decay pathways through the coupling of additional vibrational 
states.15 In this case, therefore, the two effects of decreased charge generation and 
increased self-quenching are balanced. 
In conclusion, we demonstrated the morphological evolution, by LSCM, of P1:PC61BM film 
during the thermal degradation (85°C for 150 h). We found a clear correlation between the 
morphological changes and the corresponding OPV response. Different regions of the film 
have been investigated and compared, highlighting the beneficial effect of the top electrode 
on the stabilization of the morphology.  

To confirm the potential and the versatility of this methodology to monitor the morphological 
changes during ageing processes, we report in the next section an additional study applied 
to a relatively different context. Indeed, an inverted device based on a different photoactive 
polymer (P2) and thermally degraded using slightly different standard conditions9 (65°C for 
240 h) has been investigated.  
 
 
 
 
3.3  Polymer 2 (P2): Thermal degradation and correlation between OPV performance 
and morphological changes 

In this section, we applied the same procedure/methodology to study a different photoactive 
polymer, coded as P2. As above mentioned, the goal is not to compare this material (P2) 
with the previous one (P1), but to apply this methodology to a different system in order to 
validate the versatility and potential of this technique. 
To this end, inverted single layer solar cells based on P2:PC61BM active blend have been 
prepared and their electrical and morphological properties have been monitored during the 
thermal degradation. Note that, we selected the inverted configuration due to the higher OPV 
performance, compared to analogous cells based on a standard architecture, which might 
highlight a preferential vertical phase segregation of the polymer which could be also 
beneficial during the thermal degradation11 (see previous results and D2.3).  
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3.3.1   Evolution of the photovoltaic parameters in inverted structures of P2:PC61BM based 
OPV 

Table 3 summarizes the OPV performance of the P2:PC61BM based cells. Note that, for this 
polymer we used slightly different conditions for the thermal degradation: a bit lower 
temperature for a longer time (65°C for 240 h (10 days)), which is still within the standard 
range established for testing thermal degradation9 (often used in literature11). It should be 
stressed once again that we used a lower temperature (65°C) because it is a parallel and 
additional experiment, to monitor the morphological evolution of a different system, without 
aiming to compare the two photoactive polymers.  
The OPV devices were kept on the hot-plate inside the glove-box.  
 
- Thermal degradation of P2:PC61BM using single layer cells in INVERTED configuration 
(Figures 10): glass / ITO / ZnO(MG91) / active layer / MoO3 / Ag. 
 

Table 3. OPV performance vs time of P2:PC61BM based cells in inverted configuration. 

Cell OPV data T = 0 h T = 72 h T = 165 h T = 240 h PCE (%) 

Reference: 
at 25°C  

in glove-box 

JSC (mA/cm2) 9.7 9.5 9.5 9.4  

VOC (V) 0.85 0.84 0.84 0.84  

FF (%) 53 53 52 52  

PCE (%) 4.4 4.3 4.2 4.1 -6% 

Test: 
at 65°C  

in glove-box 

JSC (mA/cm2) 10.1 10.2 10.0 9.7  

VOC (V) 0.85 0.83 0.83 0.84  

FF (%) 57 52 50 51  

PCE (%) 4.9 4.3 4.2 4.2 - 14% 

 

 

Figure 10. OPV curves of “fresh” and thermally degraded inverted P2:PC61BM based cell 

 

The trend of the OPV performance, summarized in Table 3, shows the relatively good 
thermal stability, at these conditions, of the polymer P2. Indeed, despite the decrease of 6% 
in PCE of the reference cell stored at RT in glove-box, the corresponding “aged” cell after 
240 h at 65°C exhibits a reduction in PCE of only ~ 14% (from 4.9% to 4.2%). This variation 
is mainly ascribed to the decrease of the FF (from 57% to 51%), while the JSC and VOC values 
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are substantially maintained. Note that the most significant reduction of the OPV parameters 
mainly occur after the first 72 h, while remains nearly constant after that time. Observing the 
shape of the resulting J-V curves, before and after 240 h of thermal degradation (Figure 10), 
it is evident that the observed decrease in FF of the aged cell (red plot), is due to the reduced 
slope of the curve at the x-intercept, indicating an increase of the series resistance within the 
device (at higher voltages). The series resistance, RS, represents the total resistance of the 
cell and it depends on several factors such as: i) the resistance at the donor/acceptor 
interface in the active layer (related to morphological changes); ii) the resistance at the active 
layer/ETL or active layer/HTL interfaces; iii) electrode resistances (degradation of the 
contacts/metals). The investigation of the morphological changes occurring in the active layer 
with thermal degradation, which are the main scope of this report, are discussed in the next 
section. 
In conclusion, despite a PCE of ~ 14 % after 10 days at 65°C, the polymer P2 seems to be 
quite stable during thermal degradation at 65°C. In the next section we investigate the trend 
of the thin-film morphology (outside and under the electrode) that should reflect the OPV 
data. 

 

 

3.3.2  Morphological investigations by LSCM and AFM on P2:PC61BM films 
 

Here we investigate, by LSCM combined with AFM, the morphological changes occurring 
with the thermal degradation processes in order to correlate this information with the OPV 
responses and eventually individuate failure locations induced by the thermal ageing. 
In this case we investigated the nanomorphology of the active layer at T = 0 h and after 240 
h at 65°C. Figure 11 shows the corresponding AFM and LSCM images.  
The AFM images of the fresh P2:PC61BM film (Figure 11A and 11C) reveal smooth and finely 
structured active blends with defined nanostructures, which suggest an optimal 
donor:acceptor intermixing. Similarly, after 240 h at 65°C, except for the formation of slightly 
more defined domains (Figure 11B and 11D), the surface morphology of the blend does not 
show significant changes, in agreement with the corresponding OPV performance.  
The observed stability of P2:PC61BM is also confirmed by LSCM images (Figure 11E and 
11F) in which the absence of evident contrast features in both “fresh” and “aged” samples 
again reveals a high homogeneity in the composition of the active blend, as a result of finely 
intermixed BHJ components, without the formation of aggregates or segregated phases 
during the thermal degradation. Note that, the LSCM images have been taken in the region 
of the active layer under the electrode. 
In conclusion the polymer P2 is relatively stable at 65°C after 240h and the slight variations 
at nanoscale level (not easily detectable) correlate well with the trend of the resulting OPV 
responses. Indeed, the modest reduction in FF can be ascribed to minimal adjustment or re-
organization of the polymer/fullerene molecules which partially influence the charge 
transport, and thus the internal resistance, within the active layer. 
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Figure 11.  A-D) AFM images of P2:PC61BM based devices before and after thermal degradation (240 h at 65°C); 
E-F) LSCM images, UNDER THE ELECTRODE, of P2:PC61BM based films before and after thermal degradation 

(240 h at 65°C) 
 
 
Once again, it is worth mentioning that the local morphological investigations such as AFM 
and LSCM correlate well with the observed electrical responses and help to 
identify/understand the failure mechanisms induced by the temperature. Of course, these 
data will be correlated and further implemented with complementary advanced techniques 
such as Impedance Spectroscopy (IS), Scanning Transmission Electron Microscopy (STEM), 
etc..., employed in WP4.  
For the next future, we tested and validated the possibility to perform additional and 
complementary investigations using the same apparatus as the confocal fluorescence 
microscope: i) electroluminescence microscopy, and ii) localized photocurrent (or 
photocurrent map) on the solar cells.  
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4 Conclusions 
 
The morphological stability, after thermal degradation (on the hot-plate in glove-box), of 
single junction BHJ solar cells based on different photoactive materials and thermal 
degradation processes was investigated. The corresponding OPV performances were 
monitored during the thermal treatment and the resulting data were correlated with the 
morphological changes in order to identify the critical aspects/processes that impact on the 
thermal stability. Moreover, for the polymer P1 two different device architectures, standard 
and inverted, were used and compared in terms of efficiency and stability. We found that the 
inverted devices show an enhanced stability. However, the active blend and in particular the 
donor polymer plays a crucial role on the stability of the corresponding device. In addition, we 
found that the interactions occurring at the organic/electrode interface (region under the top 
electrode) are determining for the stabilization of the morphology and subsequently for the 
degradation processes involved. 
The morphological investigations on the above mentioned films were carried out by specific 
techniques: Laser Scanning Confocal Microscopy (LSCM) combined with Atomic Force 
Microscopy (AFM). In particular LSCM presents several advantages: i) it allows to study the 
morphology of the active layer in the bulk in the real device; ii) it allows a resolution down to 
hundreds of nanometers; iii) it is a non-invasive technique; iv) it is a fast and relatively simple 
technique; v) it allows to visualize the morphology under the electrode.  
It is worth noting that the local morphological investigations such as AFM and LSCM 
correlate well with the observed electrical responses and help to identify/understand the 
failure mechanisms induced by the temperature, such as the demixing of the BHJ 
components and/or formation of aggregates/domains in different regions of the active blend. 
Of course, these data will be linked and further implemented with complementary advanced 
techniques such as Impedance Spectroscopy (IS), Scanning Transmission Electron 
Microscopy (STEM), etc..., employed in WP4.  
For the next future, we tested and validated the possibility to perform additional advanced 
investigations (using the same apparatus as the confocal fluorescence microscope) such as 
electroluminescence microscopy and localized photocurrent (or a photocurrent map) of the 
solar cell to study additional processes linked to the charge generation/recombination.  
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